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INTRODUCTION 


La question de la sexualité des plantes présente une réelle impor- 
tance tant théorique que pratique. 

L’on concoit aisément l’interét économique qui s’attache a la pro- 
duction des fruits; mais les recherches réalisées dans ce domaine ne 
manquent pas d’intérét spéculatif. On peut en effet aborder l'étude 
de la sexualité par des méthodes cytologiques ou physiologiques, et 
tout d’abord y distinguer plusieurs aspects: (a) l’apparition de la 
sexualité, (b) le déterminisme du sexe, (c) les caractéristiques des 
sexes. 

Chacun de ces aspects peut étre traité et a été traité ou bien a 
Véchelle cellulaire, ou encore dans le plan de la morphogenése, ou 
enfin dans le jeu du métabolisme et des hormones. 

Le but du présent travail est une étude préliminaire des phénoménes 
de sexualité envisagée du point de vue physiologique. Cette recherche 
s’intégre dans un ensemble de travaux réalisés dans divers labora- 
toires étrangers et dans le laboratoire de Physiologie végétale de 
Université de Liége (Direct. Prof. R. BourLLENNE). 

Nous avons choisi comme matériel Mercurialis annua L. (Euphor- 
biacées). Cette plante accomplit son cycle vital en quelques mois 
ce qui nous permet de multiplier nos séries d’observations. Par son 
caractére dioique, les males et les femelles peuvent étre étudiés 
séparément. 

M. BouILLENNE-WALRAND et R. BouILLENNE (3)* se sont attachés 
aux rapports entre la différenciation des sexes et le métabolisme. 
Ils ont montré que les males en pleine floraison se caractérisent par 


*Les chiffres entre parentheses renvoient 4 la littérature citée p. 358. 
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un contenu en glucides et un métabolisme respiratoire plus élevés que 
les femelles au méme stade. L. GHENNE (8) a Suivi les variations 
dans le cycle vital des plantes males et des plantes femelles de Mer- 
curialis perennis, s’attachant principalement aux fluctuations du con- 
tenu en glucides des rhizomes. Divers auteurs, LAURENT (11), 
SouRVILLE (13), Grttor (9) et Fouarce (5) ont présenté sur ce 
sujet de nombreuses observations malheureusement non concordantes. 
Ce fait es di, nous semble-t-il, 4 ce que les auteurs ne précisaient 
pas suffisamment les stades auxquels se trouvaient les individus 
examinés ou expérimentés. 

Il serait donc nécessaire, avant tout autre travail, de préciser 
soigneusement les étapes successives par lesquelles passent les indi- 
vidus de l’espéce que nous avons choisie au cours de leur existence 
a partir de la germination. Pour fixer ces étapes, il faut envisager les 
caractéristiques de la croissance et du développement. (LysENKo— 
12) “La croissance est un phénomeéne quantitatif d’accroissement de 
taille et de poids; le développement est un phénomene qualitatif 
caractérisé par une série de réajustements biochimiques internes que 
la plante entreprend au cours de son ontogenése pour aboutir a la 
reproduction sexuée.” (1) 

Nous avons donc examiné trés minutieusement la croissance et le 
développement de nombreux individus de Mercurialis annua L. 


TECHNIQUE 


Pour toutes nos expériences, nous avons employé les graines prove- 
nant d’un unique et vaste semis, réalisé 4 cet effet au mois de mars 
1945. Nous avons pu ainsi récolter vers la fin mai une quantité con- 
sidérable de graines obtenues toutes dans les mémes conditions. Ces 
graines, triées, de méme grosseur, ont été semées un mois plus tard, 
sans préparations spéciales, dans des caisses contenant du terreau, 
composé moitié d’humus et moitié de terre de jardin. 

Nous avons constaté lors du premier semis que la germination était 
tres capricieuse. Aussi, nous n’avons utilisé que la premiére levée 
de graines, éliminant toutes les plantules apparaissant ultérieurement. 

Les semis ont été réalisés ensuite dans diverses conditions: a l’exté- 
rieur, en serre, en cave et en chambre thermostatique avec des durées 
d’éclairement journalier et des températures différentes. Chaque 
condition sera précisée au cours de |’exposé. 

Nous avons suivi attentivement la marche de ces cultures. A chaque 
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étape apparaissant dans le cycle biologique des plantes, nous avons 
prélevé des individus qui exprimaient par leur aspect morphologique 
et leurs divers caractéristiques l'état moyen du plus grand nombre 
de plantes. Les échantillons sont donc aussi semblables que possible. 
Ils ont méme Age chronologique, méme hauteur, meme nombre de 
noeuds, d’entrenoeuds, de feuilles, méme aspect. 

Cette méthode basée sur le choix rigoureux d’un petit nombre 
d’exemplaires nous semble préférable a celle qui consiste 4 prendre 
au hasard un lot considérable d’individus sans distinction d’Age ou ~ 
d’aspect. 

L’examen morphologique et les mensurations des plantes ont été 
faits tous les huit jours. 


RESULTATS 


A. Conditions Normales. Examinons tout d’abord la croissance 
et le développement de Mercurialis annua L. dans les conditions 
normales extérieures des mois d’été 1945. 

L’apparition des boutons floraux a lieu lorsque la plante présente 
encore un aspect juvénile (21 jours aprés le semis, fig. 1) les plantules 
montrent outre leurs deux cotylédons, une premiére paire de feuilles 
commencant a s’étaler et une seconde enroulée et minuscule. A lais- 


selle de la premiére paire de feuilles apparaissent des boutons de 
deux sortes sur pieds différents: les uns ont l’apparence d’une téte 
d’épingle subdivisée en cercles microscopiques—ce sont les boutons 
males; les autres ont la forme de petits plateaux discoidaux—ce sont 
les boutons femelles. Seul, ce dimorphisme sexuel, invisible sur la 
Fig. 1, permet de distinguer les males des femelles, car l’aspect de 
Vappareil végétatif est semblable chez les individus des deux sexes. 

Cette observation nous permet de rejeter les résultats antérieurs 
qui mettaient en évidence un dimorphisme sexuel secondaire (taille, 
ramifications, épaisseur de la tige) avant l’apparition du dimorphisme 
sexuel primaire (fleurs). 

Les boutons floraux apparaissent successivement dés qu’une nou- 
velle paire de feuilles commence 4a s’étaler. II s’en suit qu’il ne suffit 
pas de dire que Mercurialis annua est en fleurs, il faut préciser a quel 
noeud les observations sur les phénoménes sexuals sont faites. En 
effet, dans le cours normal de la croissance, l’anthése des fleurs 
femelles se réalise environ huit jours aprés l’apparition des boutons 
femelles; l’anthése des fleurs males quinze jours aprés l’apparition 
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FIGURE 1 
Aspect morphologique des plantes males et des plantes femelles 4 différentes étapes 
de leur croissance. 


des boutons males et les graines sont formées vers le 21-ieme jour 
apres l’anthése des fleurs femelles (fig. 1). C’est ainsi que nous pou- 
vons trouver des plantes qui a certains stades de croissance mon- 
trent a différents noeuds toutes les étapes de la sexualité. Dans ce 
présent travail, nous nous attachons aux premiéres manifestations 
extérieures de la sexualité, c’est-a-dire celles qui se réalisent au 
premier noeud foliare. 

Si dans la figure 1, nous examinons les tailles des individus de 
chaque sexe, nous voyons que le 2le jour il n’y a pas de différences; 
apres 28 jours, les males sont légérement plus grands que les femelles; 
apres 35 jours les deux sexes sont approximativement la méme taille; 
plus tard, les femelles sont plus grandes que les males. 

Ceci nous améne a examiner l’allure générale des courbes de crois- 
sance chez les males et chez les femelles (fig. 2). La courbe de crois- 
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FIGURE 2 


Courbe de croissance en hauteurs totales des tiges males et des tiges femelles de 
Mercurialis annua dans les conditions de culture normales extérieures des mois de juin 


a septembre 1945. 
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sance en hauteurs totales, construite sur un diagramme ayant en 
abscisses le temps exprimé en jours et en ordonnées les hauteurs 
exprimées en cms, nous montre qu’au début de la croissance, c’est-a- 
dire vers le 28e jour, les males sont plus grands que les femelles. 
Plus tard, il y a un changement dans l’allure de la courbe des plantes 
males, la croissance des males est ralentie tandis que celle des femelles 
continue au méme rythme. II en résulte que les femelles atteignent 
finalement une taille supérieure a celle des males. Disons tout de suite 
que nous retrouverons ce méme phénoméne dans toutes les courbes 
de croissance, quelles que soient les conditions de culture. 

Ce diagramme explique clairement les divergences de vue des 
auteurs qui décrivent les males tant6t comme plus grands, tantdét 
comme plus petits que les femelles. Ils n’ont pas précisé 4 quel moment 
de la croissance ils avaient fait leurs observations. Ce résultat peut 
s’exprimer aussi en mettant en diagramme les vitesses de croissance 
des divers entrenoeuds des males et des femelles? Dans la figure 3, 
nous avons indiqué en abscisses les entrenoeuds suivant leur ordre 
d’apparition sur la plante et en ordonnées les vitesses de croissance 
de ces entrenoeuds exprimées en mm. par jour. On voit trés clairement 
que la vitesse d’élongation du premier entrenoeud est plus grande 
chez les males que chez les femelles; ce qui produit la taille que nous 
avons toujours observée plus grande chez les males que chez les 
femelles aux premiers stades de croissance. D’un autre cdté; les 
vitesses de croissance des autres entrenoeuds sont supérieures chez 
les femelles; ce qui correspond chez celles-ci a une taille finale plus 
grande que chez les males. 

Ce que nous avons constaté dans la courbe des hauteurs totales, 
nous le retrouvons dans l'étude de la courbe des poids secs (fig. 4). 

On constate aussi que le poids sec des males est d’abord supérieur 
a celui des femelles pour devenir dans la suite inférieur 4 celui des 
femelles. 

En résumé, de ces premiéres expériences, nous dirons donc: 

1°. que les boutons floraux apparaissent d’abord au premier 
noeud. 

2°. que ces boutons chez les males et chez les femelles sont 
visibles 21 jours en moyenne aprés le semis. 

3°. qu’avant l’anthése des fleurs males au premier noeud, la 
taille et le poids sec des plantes males sont supérieurs 4 ceux 
des plantes femelles. 
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FIGURE 3 
Vitesse d’élongation des différents entrenoeuds des plantes males et des plantes femelles 
de Mercurialis annua. 
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Courbe de croissance, exprimée en poids secs, des males et des femelles de Mercurialis 
annua dans les conditions de culture normales extérieures des mois de juin 4 septembre 


1945. 
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4°. que pour finir les plantes males se distinguent des plantes 
femelles par une hauteur et un poids sec plus petits. 

5°. que les plantes femelles vivent plus longtemps que les 
plantes males. 


B. Conditions Modifiées. La deuxime série d’expériences va es- 
sayer de déterminer si une modification des conditions externes 
n’aménerait pas une transformation dans l’allure de ces phénoménes. 
Parmi les facteurs externes, nous avons choisi la lumiére et la tem-_ 
pérature parce que ce sont les facteurs qui se sont révélés générale- 
ment les plus importants dans l'étude de la croissance et des phases 
de développement. 


Nous avons donc réalisé des séries d’expériences ot les plantes étai- 
ent soumises 4 des conditions variables de lumiére et de température. 
Ces conditions et les résultats généraux sont résumés dans le tableau I. 
Nous avons ainsi réalisé quatre séries différentes par les conditions 
de culture et par les durées de lumiére et les températures utilisées. 
A Vintérier de chaque série, nous avons soumis les plantes a des 
durées d’éclairement variables allant de 8 4 20 heures par jour. En 
outre, pour certaines séries, nous avons contrélé la température pen- 
dant la période d’obscurité. 

Le premier résultat qui saute aux yeux est que les variations des 
conditions expérimentales n’ont amené aucune modification dans la 
localisation des premiers boutons floraux: dans toutes les séries, ces 
boutons restent localisés au premier noeud. Il n’y a jamais eu de 
boutons floraux au noeud cotylédonnaire et d’autre part le premier 
noeud n’a jamais été stérile. Le tableau montre que dans une série 
(serre et chambre thermostatique) on obtient les boutons floraux 
12 jours en moyenne aprés le semis, ce qui constitue un gain de 9 jours 
sur les plantes croissant a l’extérieur et un gain de 5 jours sur les 
plantes croissant en serre. 

Ce résultat est-il du a l’action de la lumiére? 

L’examen du tableau montre que, a l’intérieur de chaque série, les 
boutons floraux sont apparus en moyenne aprés le méme nombre de 
jours quelle que soit la durée d’éclarement qui variait de 8 a 20 heures. 

Nous pouvons donc conclure que la durée d’éclairement n’a pas 
modifié le moment d’apparition des boutons floraux au premier noeud. 

Maintenant comparons les séries entre elles. Nous voyons immédi- 
atement l’influence capitale de la température et nous pouvons méme 
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préciser que cette action s’exerce surtout pendant la période 
d’obscurité 

Comparons 3 séries semblables, c’est-a-dire les séries II, III et IV 
(tableau I). Nous voyons que pendant la période d’éclairement, la 
température est approximativement la méme partout. Au contraire, 
les températures sont trés différentes pendant les périodes d’obscurité. 

On constate que lorsque la température est de 10° C. pendant la 
période d’obscurité, les premiers boutons floraux n’apparaissent que 
26 jours aprés le semis, c’est-a-dire 9 jours plus tard que lorsque 
cette température est de 14° C.. Au contraire quand la température 
est de 23° C. pendant la période d’obscurité, les boutons floraux 
apparaissent aprés 12 jours soit respectivement 5 jours et 14 jours 
plus t6t que dans les séries avec les températures nocturnes de 14° C. 
et de 10° C.. 

Dans la série, serre et chambre thermostatique (série IV), nous 
constatons en outre que la température élevée pendant la période 
d’obscurité réduit le nombre de jours a 12 lorsque sa durée d’action 
est au moins de 6 heures. Si la température nocturne n’agit que 
pendant 4 heures, on obtient un chiffre qui se rapproche de la série IT. 

Voyons maintenant si la modification des facteurs externes améne 
des perturbations dans les courbes de croissance exprimée en taille et 
en poids sec chez les males et chez les femelles. 

Nous avons réalisé |’étude de ces courbes de croissance dans 5 con- 
ditions indiquées dans le tableau II. Les lettres A.B.C.D.E. des 
diverses séries sont reprises dans les diagrammes de la fig. 5 (crois- 
sance en hauteurs totales). 

On constate que les diverses conditions n’ont pas modifié ]’allure 
générale des courbes de croissance. On retrouve dans chaque série 
que les males sont d’abord plus grand que les femelles et qu’aprés 
lanthése des fleurs males, les femelles sont au contraire plus grandes 
que les males; elles atteignent une taille finale plus élevée et elles 
vivent plus longtemps. 

Cette persistance des caractéristiques respectives des males et des 
femelles s’observe également dans les mesures de poids secs. 

Nous n’entrerons pas ici dans le détail de l’analyse de ces courbes 
qui montrent encore d’autres points intéressants comme, par exemple, 
leur rapprochement ou leur écartement. 
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DIscUSSION 


Nos expériences montrent que le dimorphisme sexuel primaire chez 
les plantes males et chez les plantes femelles de Mercurialis annua 
s’accompagne d’un dimorphisme sexuel secondaire. Les males com- 
mencent a se distinguer par une taille légérement plus grande que les 
femelles, puis, ils ont une taille finale moins élevée, des ramifications 
latérales moins abondantes, une couleur verte de feuilles plus pale 
et un poids sec final plus petit que chez les femelles. De plus les 
males ont une vie plus courte que celles des femelles. Comme 
R. BourmILLENNE et Mme. BouILLENNE-WALRAND Il’ont montré, ces 
différences doivent étre mises en rapport avec un métabolisme dif- 
férent chez les males et chez les femelles. 

Le fait que ce dimorphisme sexuel secondaire ne se manifeste 
qu’ aprés l’anthése des fleurs et que les caractéres sexuels primaires 
apparaissent a un stade trés juvénile des plantules, semble indiquer, 
pensons-nous, que les caractéres sexuels secondaires chez Mercurialis 
annua se trouveraient sous la dépendance des caractéres sexuels 
primaires. 

Cette conception est confirmée par le fait que les différences pro- 
fondes dans les conditions de culture n’ont pas amené de modifications 
importantes dans l’allure des courbes générales de croissance des 
males et des femelles. L’allure de ces courbes de croissance semble 
étre sous la dépendance de facteurs internes auxquels nos conditions 
expérimentales n’ont pas touché. 

De plus, l’accélération dans le temps d’apparition des boutons 
floraux nous parait étre due a une action des facteurs externes sur 
la croissance de Mercurialis annua L. et non sur son développement, 
car les premiers boutons floraux, quelles que soient les conditions, 
restent strictement localisés au premier noeud. 

Nos résultats mettent en évidence un point trés important: l’action 
accélératrice de la température pendant la période d’obscurité sur 
le moment d’apparition des fleurs. 

Cette action, qui doit au moins durer 6 heures, indique aussi que 
nous avons agi sur la croissance, et vraisemblablement sur la crois- 
sance par multiplication cellulaire, car l’action de la température 
n’est décisive que pendant la période d’obscurité, moment ou |’on 
sait que les mitoses cellulaires sont les plus intenses chez les végétaux. 

Ces conclusions nous conduisent a critiquer la subdivision des 
plantes en plantes a longs jours, plantes a courts jours et plantes 

















GEORGES TROUPIN 357 


indifférentes, telle qu’elle a été présentée par GARNER et ALLARD 
(6 et 7) et telle qu’elle est utilisée encore 4 l’heure actuelle dans de 
nombreux travaux traitant du photopériodisme chez les végétaux. 
Pour ces auteurs, les plantes a longs jours sont celles ol le moment 
de la floraison est haté quand on augmente la durée d’éclairement 
journalier. Les plantes a courts jours, au contraire fleurissent moins 
rapidement si la durée d’éclairement journalier est trop prolongée. 
Les plantes indifférentes sont celles qui, dans de larges limites, sont 
insensibles pour leur floraison a la durée d’éclairement. 

Comme nous l’avons dit, nos expériences montrent que la tem- 
pérature pendant la période d’obscurité diminue le délai d’apparition 
des fleurs et que cela semble du a une action sur la croissance: nous 
n’avons pas touché au développement. 

GARNER et ALLARD ainsi que de nombreux auteurs de ces derniéres 
années n’établissent pas de maniére claire la valeur de leurs résultats. 
Nulle part dans leurs travaux, on ne trouve de précisions sur la locali- 
sation des fleurs lorsque l’apparition de celles-ci est hatée par |’action 
d’un certain photo, jriodisme. Ainsi par exemple, nous ne savons 
pas si dans leurs expériences ils ont réussi a faire apparaitre des 
fleurs au Se noeud foliaire d’une plante qui normalement n’en montre 
qu’au 10e, ce qui prouverait qu’ils ont agi sur le développement. 

Il nous semble qu’il conviendrait de réagir contre cette confusion 
encore trop fréquente. Pour cela, suivant l’exemple de CayLAHJAN 
(4), BoNNER et HAMNER (10) qui ont réussi 4 mettre en évidence 
la présence d’hormones de floraison chez les végétaux, nous proposons 
de réserver le nom de “plantes a longs jours” aux plantes qui ne 
fleurissent pas si la durée d’éclairement journalier est insuffisante et 
le nom de “plantes a jours court” aux plantes qui ne fleurissent pas 
si elles sont soumises 4 une durée d’éclairement journalier trop 
prolongée. 


RESUME 


Ce travail nous a permis de soulever quelques questions qui nous 
semblent intéressantes dans les problémes posés par le cycle vital 
des males et des femelles de Mercurialis annua: 

1) Il y a une évolution différencielle des courbes de taille et de 
poids secs des plantes males et des plantes femelles, courbes qui 


changent d’allure 4 partir du moment de la formation des boutons 
floraux; 
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2) Les males sont plus grands et pésent plus que les femelles au 
début de la floraison; 

3) Les males diminuent leur vitesse de croissance a partir de 
Vanthése de leurs fleurs (vers le 35e jour aprés le semis). Vers le 
méme moment, le poids sec des plantes femelles devient plus élevé 
que celui des plantes males. Ce caractére se maintient jusqu’a la 
fin de la végétation. 

4) L’avantage temporaire des males est en coincidence avec les 
caractéristiques du Ir entrenoeud de la tige. 

5) Les conditions extérieures de culture ont été modifiées sys- 
tématiquement en ce qui concerne surtout la température et la durée 
d’éclairement. 

6) Ces conditions n’ont pas modifiés le régime de la maturation 
sexuelle des males et des femelles qui a toujours été réalisé sur le 
premier noeud de la tige. 

7) Elles ont modifié la vitesse de l’apparition des boutons floraux 
dans les deux sexes. 

8) Les conditions qui ont diminué de 21 jours a 12 jours le temps 
nécessaire a la formation des boutons floraux sont une température 
élevée administrée durant la période d’obscurité pendant au moins 
6 heures. 

9) Les plantes femelles ont une longévité plus grande que les 
plantes males. 


Je tiens a remercier vivement Monsieur le Professeur R. BOUILLENNE 
qui s’est intéressé trés activement a l’élaboration de ce travail. 
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The effects of administering the sulphur-containing amino acids, 
methionine, cystine, and cysteine to animals maintained on a balanced 
diet have been studied in only a few cases. Of the three acids, methi- 
onine is generally considered indispensible in the diet of vertebrates 
but under certain conditions may be partially replaced by cysteine or 
cystine (Almquist and Grau, 1945 and Treadwell, 1945). Methionine 
and not cystine is concerned in the prevention of fatty livers in mam- 
mals (Beveridge, Lucas and O’Grady, 1945). Experiments by Beams 
(1946) on human patients however show that cystine and choline 
are as effective as methionine. Excess dl-methionine and not cystine 
or cysteine prevents burn toxemia in rats (Croft and Peters, 1945). 
In dogs, cysteine HCl acts as an antidote to the toxic action of the 
organic mercurial diuretic, Salyrgan (Long and Farah, 1946). Diets 
supplemented with cystine decrease the induction period for hepa- 
tomas in rats (White and Edwards, 1942). Additional methionine 
will prevent inhibition of growth by norleucine in Proteus morganii 
but l-cystine has no such effect (Porter and Myers, 1945). In the 
coelenterate Obelia methionine acts as a growth stimulant for in- 
crease in number of cells, possibly by conversion to cystine and then 
to cysteine (Hammett and Padis, 1936) in accord with the SH hypoth- 
esis of Hammett (1929). Kotake (1934) reports that the tolerance 
for cystine is low in rats and that nephrosis results when extra cystine 
is added to the basal diet. A good general review of early work con- 
cerning the metabolism of these amino acids is given by Toennies 
(1937). 

This paper is one of a series of reports of investigations on the tol- 


*Supported in part by a grant from the Women’s Auxiliary of the Lankenau Institute 
for the Promotion of Cancer Research. 
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erance of the larvae of Drosophila for protein constituents added 
to a basal diet. Rate of growth and ecdysis of larvae, time of forma- 
tion and duration of the pupal stage, and any abnormalities of the 
structural characteristics of adults are observed in order to deter- 
mine the effect of addition of various concentrations of a given amino 
acid or nucleic acid. 

In the present investigation, the dl-methionine and cysteine hydro- 
chloride were obtained from Merck and Co. while the I-cystine was 
prepared by the staff of the Lankenau Hospital. Three experiments 
under sterile controlled conditions as described by Wilson and Birch 
(1944) were performed at each concentration, tested. Concentrations 
between M/10 and M/5000 were used for each amino acid. In the 
case of cysteine, concentrations as low as M/100,000 were used. Since 
cystine is insoluble in water at the higher concentrations, suspensions 
at each of these higher concentrations were used for this acid. In 
addition tests were made in which the cystine was dissolved in 0.1N. 
HCl before addition to the culture medium. 


RESULTS AND DIscussION 


Methionine.* Drosophila larvae tolerate concentrations of methi- 
onine below M/500 with no modification of any growth process 
(Table 1). Concentrations higher than M/50 inhibit rate of growth 
in size and increase the length of each larval instar. A concentration 
of M/100 does not modify size to a great extent but does increase 
the duration of larval instars. Table 2 and Figure 1, the results of 
typical experiments illustrate these points. The rate of moulting, 
which is the index of the duration of larval instars, is shown by the 
percentages following the numbers of experimental animals in the 
tables. 

Many larvae die in the two higher concentrations. The growth 
curve at a concentration of M/10 is similar to that in tryptophane 
(Wilson, 1945) and to that in alanine and phenylalanine (Wilson, 
1945) but few if any larvae die when treated with these amino acids 
at a concentration of M/10. Among those treated with M/10 methio- 
nine approximately 80% of the eggs failed to hatch or died before 
pupation. Only 25% died when treated with M/25 methionine and 
no abnormal deaths were observed among those treated with methio- 
nine at a concentration lower than M/50. 


*With the technical assistance of Miss Dorothy Thornton. 
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The cause of death in these animals appears to be some disturbance 
of the moulting process. Larvae form the second or third exoskeleton 
while very small and then are unable to shed the old exuvia. No such 
observation has been made at the high concentrations of other amino 
acids which have been investigated. Excess methionine seems to 
inhibit some processes associated with development while not affect- 
ing others. There is thus an uneven development and normal moulting 
is often impossible. If the flies develop, they emerge apparently 
normal 15 days after oviposition in contrast with the nine or 10 days 
of the control. 

In the only investigation where separate fundamental growth 
processes were analyzed, Hammett and Padis (1936) found that 
proliferation and new growth were enhanced, while differentiation 
and organization were unaffected and maintenance was depressed in 
Obelia treated with methionine. These same conditions much exag- 
gerated may account for the death of the Drosophila larvae. If un- 
organized, undifferentiated growth occurs with no storage of potential 
energy, it seems likely that the elaboration of the moulting hormone 
would result in abnormalities. 

At a concentration of M/250, methionine accelerates moulting as 
shown in Table 3 despite the fact that the rate of growth in length 
is slightly retarded (Figure 1). 








TABLE 3 
Per CENT OF ACCELERATION OF MOULTING IN LARVAE TREATED WITH M/250 METHIONINE 
Exp. 2 Exp. 4 Exp. 11 
1st to 2nd instar 24 37 14 
2nd to 3rd instar 12 7 10 
3rd instar to pupa —? 6 0 





No other concentration shows such consistent acceleration. Associated 
with this phenomenon is a decided increase of the ratio length/width 
as compared with the control at 120 hours. In the three experiments 
the ratios were as follows: 





Exp. Control M/250 methionine 
11 1 to 6.1 1 to 6.4 

4 1 to 6.0 1 to 6.6 

2 1 to 6.3 1 to 6.7 


These results are in contrast with those obtained from larvae treated 
with M/500 methionine, the results for which were as follows: 
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Exp. Control M/500 methionine 
1 1 to 6.3 1 to 6.3 
3 1 to 6.0 1 to 6.0 


11 1 to 6.1 1 to 6.1 


There is here obviously no difference between tests and controls. 

These results are interesting when compared with those obtained 
from arginine (Wilson and Birch, 1944) where over a long effective 
range increased rate of moulting was associated with larger size, par- 
ticularly greater width, than the control. In this case it was sug- 
gested that arginine acted as a lipogenic agent. It is possible here 
that methionine acts in just the opposite manner and brings about 
the removal of fat from the fat body. Such a result is consistent with 
the observations of Hammett and Padis (1936) that methionine may 
increase metabolic activity. 

Changes in mass of Drosophila larvae may mean changes in cell 
size, in amount of fat deposited in the fat body or in the degree of 
cell division in the imaginal organ anlagen. As stated in the intro- 
duction, methionine is concerned with fat metabolism in vertebrates; 
it stimulates cell proliferation in Obelia; and it is considered an in- 
dispensible amino acid for normal growth in many organisms. Under 
differing conditions, therefor, methionine is reported to play some 
role with each of the three processes concerned with change in mass 
in Drosophila. Based on the present data it is pure speculation to 
hazard an explanation for the effects on Drosophila. It is possible 
that methionine accelerates moulting by stimulating proliferation of 
the cells producing the moulting hormone and that the energy for 
the process was obtained by the mobilization of fat from the fat body. 

Cystine. Since l-cystine is insoluble in higher concentrations it 
was suspended in the basal medium in amounts equal to M/10, M/50, 
and M/100. The chief food of the larvae is suspended yeast cells so 
it is assumed that discrete particles are ingested. Even in as thick 
suspensions as M/10 cystine there was no evidence of toxicity nor 
was there any significant modification of growth processes. It is possi- 
ble that the crystals pass unchanged through the gut since at no 
concentration from M/250 to M/10,000 was there any evidence of 
change in rate of growth in length or in rate of moulting. A typical 
experiment using M/250 cystine is shown in Table 4. At this con- 
centration only there was evidence of modification of growth. There 
is a decrease of width in proportion to length. The length/width 
ratios at 120 hours are as follows: 
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Exp. Control M/250 cystine 
3 1 to 6.3 1 to 6.7 
5 1 to 6.2 I te 6.7 
7 1 to 6.5 1 to 6.7 


These thinner larvae did not show an increase in rate of moulting 
(percentage columns, Table 4) as was the case with methionine at 


TABLE 4 
AVERAGE LENGTH AND WIDTH IN MILLIMETERS OF LARVAE TREATED WITH 
M/250 L-CYSTINE 








Control Test 
Age Instar No. % Length Width No. % Length Width 
48 1 29 73 1.60 .246 46 82 1.61 255 
2 11 27 2.00 307 10 18 1.89 .293 
72 2 27 90 3.16 .490 30 81 3.13 473 
3 3 10 3.70 512 7 19 3.60 536 
96 3 45 100 4.99 752 36 100 5.11 .761 
120 3 44 86 5.04 798 53 93 5.12 759 
P 7 14 4 7 





Age in hours from median hour of oviposition 

P—pupae 
the same concentration. This result is surprising in that, as we shall 
see later, cysteine is most effective in accelerating the rate of moulting. 
If metabolism of cystine caused the production of thinner larvae, it 
might be expected also to increase the rate of moulting as it is con- 
verted into cysteine within the cells. On the other hand, it is possible 
that the thin larvae are only an expression of the specific dynamic 
effect of cystine without any accompanying modification of other 
growth processes. 

Attempts were made to test the tolerance for high concentrations 
by dissolving the l-cystine in 0.4 N. hydrochloric acid and testing 
against a control of equal pH. Under such conditions test and control 
showed pH 2.2 when M/100 cystine was used. The larvae grew nor- 
mally and no difference was noted between tests and controls. Higher 
concentrations increased the hydrogen ion concentration too much for 
normal growth. 

It may therefore be concluded that larvae can tolerate suspensions 
of l-cystine as high as M/10 without evidence of toxicity or modifica- 
tion of growth processes. Of concentrations between M/10 and 
M/10,000, only M/250 cystine showed an effect on the larvae. In 
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this case the experimental larvae were at any given length thinner 
than those in the control medium. Cystine like methionine is con- 
cerned in mobilization of fat in vertebrates (Beams, 1946). Perhaps 
it plays some similar role in Drosophila larvae. 

Cysteine. Cysteine hydrochloride was added to the basal medium 
in concentrations between M/10 and M/100,000. The pH of the 
control was adjusted to the experimental medium by addition of 
0.1 N. HCl. All the larvae treated with M/10 cysteine died within 
140 hours. A few individuals moulted to the second instar but most 
of the individuals showed no growth before death. Concentrations of 
cysteine between M/5000 and M/50 slightly increased the rate of 
growth in length and width (Table 5 and Figure 2). These concen- 
trations also stimulate faster moulting as shown by the percentage 
differences for each instar in Table 6. Concentrations below M/5000 
were ineffective in modifying any growth processes. No difference 
in length/width ratios were noted at any concentration. 


TABLE 6 
Per CENT ACCELERATION OF MOULTING OF LARVAE TREATED WITH CYSTEINE 





Ist to 2nd to 3rd instar to 





2nd instar 3rd instar pupation 

M/50 11 13 11 
M/100 5 14 0 
M/250 14 3 2 
M/500 9 19 3 
M/1000 4 25 0 
M/5000 8 11 2 

0 


M/10,000 —2 3 

These results are of special interest because of the presence of the 
SH group in this amino acid. Previous experiments with glutathione 
and parathiocresol have shown that growth in length of first instar 
larvae is stimulated by this group (Wilson, 1939). The results re- 
ported in the present paper show that not only is the growth in size 
accelerated, it occurs to such an extent that differentiation proceeds 
at a faster rate. It is likely that enhanced proliferation and matura- 
tion of imaginal cells producing the moulting hormones results in a 
faster rate of moulting from one instar to the next. Cysteine is much 
less stable than parathiocresol or glutathione so it would be expected 
that higher concentrations would be necessary to produce similar 
results. In addition the presence of partially oxidized derivatives 
tends to retard growth (Hammett, 1929). The two expressions of 
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growth are balanced at a concentration of M/5000 and lower so that 
no effect of addition of cysteine is shown by the larvae treated with 
these lower concentrations. 

Of the three sulphur-containing amino acids the results with cys- 
teine showed a reaction to a wider range of concentrations and were 
much more pronounced. Cysteine is definitely toxic at a concentra- 
tion of M/10, methionine retards growth and kills some individuals 
at that concentration while cystine is not toxic at any concentration. 
Growth is retarded by M/50 methionine but accelerated by M/50 
cysteine. Methionine and cystine at a concentration of M/250 accel- 
erated specific processes, while all concentrations between M/50 and 
M/5000 of cysteine accelerated mass growth and rate of moulting. 
No differences were noted in the appearance of imagoes for any amino 
acid at any concentration. 







SUMMARY 


1. Drosophilae larvae will tolerate dl-methionine in concentrations 
between M/500 and M/5000, cysteine hydrochloride between M/5000 
and M/100,000, and I-cystine in suspensions as high as M/10 without 
modification of any growth process. 

2. Methionine and cysteine are toxic for larvae of Drosophila 
when added to a basal medium at a concentration of M/10. 

3. Methionine in concentrations between M/25 and M/250 retards 
growth in length and width. 

4. Cystine and methionine retard growth in width at M/250 con- 
centration. 

5. Methionine accelerates rate of moulting at M/250 concen- 
tration. 

6. Cysteine stimulates growth in length and rate of moulting at 
all concentrations between M/50 and M/5000. 
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THE COMBINED EFFECT OF COLCHICINE AND X-RAYS 
ON THE GROWTH OF ALLIUM CEPA SEEDS 


A. Back 


Radiobiological Department of the Cancer Laboratories, Hebrew University, Jerusalem 
(Received for publication November 20, 1946) 


Dustin and his school were the first to compare the effect of col- 
chicine with that of x-rays on cells. According to their view, the 
effects of these two agents may have been cumulative. Experiments 
testing their activity on various types of cells have yielded rather 
conflicting results. Previous treatment of Protista by L. Halberstaedter 
and A. Back (2) and of plant cells by M. Levine (5) with colchicine 
definitely enhanced their reactivity to x-rays. Similar experiments 
with tumor cells have, on the other hand, generally yielded negative 
results, although Gayer and Claus (1) reported an enhanced effect 
on rat tumors when both agents were applied in combination. It 
would appear that the effect depends on the type of cell tested, the 
dosage, and on the method of application. In research on colchicine 
carried out at our Institute, this problem was further investigated, 
using plant cells as the test object. 


MATERIALS AND TECHNICS 


Our test objects were seeds of Allium cepa (var. Homs), germi- 
nated on filter paper at 17° C. Seeds to be tested were exposed to an 
0.25% aqueous solution of colchicine (B.D.H.), while controls were 
exposed to similar quantities of distilled water. The seeds remained 
in contact with these liquid media until germination had begun, i.e. 
about 48 hrs. The average root length of seedlings in colchicine and 
in water at this time was 1 to 1.5 mm. Seedlings as nearly as possible 
of identical size were rinsed in distilled water and placed on damp 
filter paper. They were then irradiated or used as unirradiated con- 
trols. The following physical constants were used: Siemens Tuto 
Multivolt Apparatus 160 KV, Ma, 0.5 mm Al. Target distance 23 cm. 
Intensity 166 r/min. Treated and control seeds were kept at 17° C. 
for an additional 2 days after which the rootlet was cut off and its 
length measured. 
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RESULTS AND DIscUSSION 


After a series of exploratory tests the x-ray dose of 2000 r was 
chosen, since no harmful effects on the length or form of the seedlings 
were noted during the given period of observation after irradiation 
with this dose, whereas irradiation with 2500 r led to a slight inhibi- 
tion of growth. Colchicine, alone, in a concentration of 0.25% had 
no evident influence on the growth of the seedlings, other than the 
production of thickenings such as have frequently been described 
among the reactions of roots to colchicine (Havas, 3), (Levan, 4). 

It may, therefore, be concluded that neither of these factors, alone, 
had any demonstrable effect on linear growth in the dosages employed 
during the given period of observation. 

In experiments investigating their combined effects, seeds were 
divided into four approximately equivalent groups: 

To 
mor 


90 





mm 








O-4 44-5.0 5A-40.0 10A-15.0 45.4-20.0 204-25.0 25.1-30.0 
FIGURE 1 

FREQUENCY CURVES OF THE LENGTHS OF ROOTLETS OF ALLIUM CEPA EXPOSED TO 
VARYING CONDITIONS 

Germinated in water. 

----- Germinated in water and irradiated with 2000 r. 

~—...- Germinated in colchicine (0.25%) 

-x-x-x— Germinated in 0.25% colchicine and irradiated with 2000 r. 




























1) Controls 
2) Irradiated seeds not previously treated with colchicine 
3) Seeds treated only with colchicine 

4) Irradiated seeds previously treated with colchicine. 


Rootlets were detached and were ranged in lots of 1 to 5, 5.1 to 10, 
10.1 to 15, 15.1 to 20, and 20.1 to 25 mm, respectively. The data 
thus collected from a total of more than 1500 seeds are presented in 
Fig. 1. The curves representing seeds treated with either colchicine 
or x-rays, alone, are similar to the controls. In each of these three 
groups, 60% to 65% of the rootlets fell within the 10.1 to 15 mm 
range, while 5% in each group reached maximum lengths of 20.1 to 
25 mm. Thus, the peak of the curves lay between 10.1 to 15 mm. 
On the other hand, the results obtained with irradiated seedlings pre- 
viously treated with colchicine differed significantly from the controls. 
In this group 80% of the rootlets fell within the range of 5.1 to 
10 mm, while only about 8% reached the maximum recorded range 
of 10 to 15 mm. Fig. 2 represents photographs of the seven longest 
seedlings in each of the four groups in one of a series of tests each 
involving about 100 seedlings. The difference between the combined 
influence of colchicine and x-rays and each of these factors alone is 
obvious. 

In attempting to analyze the recorded results, it must be assumed 
that a given dose of colchicine probably does not exert identical 
effects on all cells, even of the same cell type. Some may be irre- 
parably damaged, so that they are destroyed immediately or at the 
next cell division. Others may withstand exposure to the toxic effect 
of the same dose of colchicine, and give rise to normal daughter cells. 
Between these two extremes may lie still a third group, which does 
not succumb to the toxic influence of the drug and may undergo 
subsequent cell divisions, giving rise not to normal cells, but to cells 
with polyploid or otherwise abnormal nuclei. 

Since in our studies linear growth was not demonstrably affected 
by the given dose of colchicine taken alone, it must be assumed that 
the number of irreparably damaged cells was not inconsiderable. With 
respect to the effect of x-rays, our exploratory tests indicated that a 
dose of 2500 r exerts a definite inhibitory effect on the linear growth 
of seedlings. It is not improbable that even a dose of 2000 r may 
give rise to certain changes similar to those induced by colchicine, 
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FIGURE 2 


PHOTOGRAPHS OF THE SEVEN LONGEST INDIVIDUALS CHOSEN IN 
A SINGLE EXPERIMENT FROM A GROUP OF 100 SEEDLINGS 


1. Germinated in water (Control). 

2. Germinated in 0.25% colchicine. 

3. Germinated in water and irradiated with 2000 r. 

4. Germinated in colchicine and irradiated with 2000 r. 


alone, which do not have a measurable effect on the linear growth of 
the seedlings. 

Levine (5), in his experiments on onion bulbs formulated the 
related view that heightened sensibility to x-ray irradiation after 
treatment with colchicine is associated with an increase in the number 
of cells undergoing mitosis, and stated that “the colchicinized were 
more vulnerable to the x-ray treatment even though the time of ex- 
posure occurred when the number of the dividing cells had passed 
the peak of the reaction to the drug”. 

How, then, may we explain the augmented inhibitory effect of the 
two factors, taken together? Cells in no way affected by colchicine 
must react to x-rays no more intensely than do those not previously 
treated with colchicine. On the other hand, cells already irreparably 
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damaged by colchicine require no further inhibition. The chief effect 
of the combined application must, therefore, be assumed to be an 
increased sensitivity to x-ray irradiation in those cells undergoing 
nuclear (polyploid, etc.) changes as a result of previous treatment 
with colchicine. 


TABLE 1 
AVERAGE LENGTHS (IN MILLIMETERS) OF ROOTLETS OF ALLIUM CEPA ExposED TO TREAT- 
MENT WITH COLCHICINE AND X-RAYS IN VARYING COMBINATIONS 
No. of X-Ray + 
Experiments Controls Colch. X-Ray Colch. 


1, 11.3 12.0 
4. 15.2 14.2 
3. 13.9 14.2 
4. 13.2 

6.2 


1 
1 
1 
1 


SUMMARY 


It has been demonstrated that colchicine in a 0.25% aqueous solu- 
tion or a dose of x-rays (2000 r), separately applied, have no measur- 
able effect on the length of seedlings of Allium cepa. 

The growth of seedlings of Allium cepa treated with 0.25% col- 
chicine solution before the application of an x-ray dose of 2000 r is 
inhibited by about 20%. 

This inhibition may be explained if it be assumed that colchicine, 
by including nuclear changes (polyploid, etc.) sensitized a consider- 
able number of cells to x-ray irradiation. 

These results confirm former observations on paramaecium and 
onion bulbs. 
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NITRATE AND PHOSPHATE vs. L-PROLINE AS FACTORS 
IN THE BEHAVIOUR OF Ulva’ 


Puitie R. WHITE 


WitH THE TECHNICAL ASSISTANCE OF RosBerT S. MELVILLE, 
EvLeanor V. MELVILLE, AND EtsaA Hutzier 


(Received for publication December 2, 1946) 


In 1943 Walp (11) made studies in which disks cut from vegetative 
sheets of Ulva lactuca were treated with various concentrations of 
l-proline added to filtered sea water. From the results he concluded 
that l-proline at a concentration of 0.05 mM brought about an in- 
crease in disk diameter, and an increase in chlorophyll content as 
measured colorimetrically. He concluded that l-proline ‘does act 
to forward differentiation in plant tissue as it does in animal’. Ham- 
mett and Walp drew a similar conclusion from studies on the effect 
of l-proline on the development of sporelings of Fucus spiralis (3). 

These results were obtained by adding |-proline to filtered sea 
water using sea water without l-proline as a control. No other con- 
trols were used. Two questions therefore arise: (1) were the effects 
observed due to |-proline as such or might they have been duplicated 
by some other amino-acid, and (2) if not specific for l-proline, were 
they specific for amino-acid or might they have been duplicated or 
approximated by some other source of nitrogen? It has long been 
known that in sea water in the temperate zones, at the surface and 
in the summer, the concentrations of both nitrogen and phosphorous 
fluctuate widely as a result of their utilization by plant life (6, 10, 
12). In the neighborhood of Plymouth, England, for example, the 
phosphate concentration drops in August almost to the disappearing 
point (1). These two ions become limiting factors in the growth of 
plant life (1, 2, 4, 5, 8). They might be such factors in the metabolism 
of Ulva and Fucus, and there is nothing in the procedures used in 
Walp’s and Hammett’s experiments to preclude the possibility that 
the observed effects of l-proline might have been due to its nitrogen 
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content rather than to either its amino group or its pyrrolidine ring. 
If the effect was due to the nitrogen content, as such, then the possi- 
bility of another amino-acid having a like effect becomes without 
significance. It was therefore decided to examine this question in as 
simple a fashion as possible, using procedures comparable with those 
employed by Walp. 


MATERIALS AND METHODS 


Sea water was collected in carboys on the open ocean side of the 
Cape, at Highland Light. As soon as it could be brought to the labo- 
ratory it was filtered by suction through double layers of ash-free 
quantitative filter paper on a Buchner funnel, into clean carboys. 
The requisite chemicals were added to this filtrate. Solutions were 
fed into finger-bowls by a system of constant level siphons and drained 
off through capillary drip tubes so arranged that solution was supplied 
at intervals with a rush which thoroughly mixed the contents, simu- 
lating the flow of the tides. The siphons were adjusted to change 
the water about once every three hours. Ulva lactuca was collected 
at low tide at the Provincetown breakwater. Fronds were chosen 
where they were in deep, free-flowing water and were selected for 
uniformity, color, thickness, freedom from epiphytes, and freedom 
from sporulating areas. Preference was given to large fronds. They 
were placed in fresh sea-water in clean enameled pails and tfans- 
ported immediately to the laboratory. Here a large frond was spread 
out in a tray whose bottom had been coated with a 3 mm. sheet of 
paraffin and was covered with about a centimeter of sea-water. Disks 
were cut with a sharp 10 mm. cork borer, choosing as far as possible 
uniform areas free from flaws. In general a single frond was used 
for an experiment so as to preclude individual differences entering 
into the results. Differences due to position in the frond (tissue age) 
could not be eliminated by this means, but by cutting about 300 disks 
at a time before transferring to the finger bowls, some random dis- 
tribution was obtained. Thirty disks were placed in each finger bowl. 
Experiments were continued for one week. At the end of three days, 
eight disks were selected as being average examples of the contents 
of each dish, were mounted on a slide and examined, records being 
made of extent of sporulation, distribution of chromatophores, con- 
dition of pyrenoids, etc. At the end of one week, ten disks were 
removed from each dish for colorimetric examination. Eight of the 
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remaining fourteen disks were again mounted and carefully examined, 
complete records being kept. Their diameters were measured to within 
a half millimeter and the measurements averaged. A single example 
chosen as typical of each result was photographed. 

Three substances were compared—l-proline, NaNO,, and Na,HPQ,. 
In the case of proline the concentration found by Walp to be optimal 
(0.05 mM) was taken as a standard and five solutions prepared, 
representing 0.1, 0.3, 1.0, 3.0, and 10.0 times this concentration 
(0.005, 0.015, 0.05, 0.15, and 0.5 mM). With a single atom of nitro- ~ 
gen per molecule this gave the same nitrogen concentrations as equi- 
molar amounts of NaNO,. A standard concentration of NaNO, was 
chosen to approximate the winter nitrate level of surface sea water 
at the latitude of Cape Cod (0.1 mM) (4, 5), and a similar series 
of concentrations was prepared (0.01, 0.03, 0.1, 0.3, and 1.0 mM). 
These cover the same range of nitrogen concentration as those chosen 
for proline. Phosphate concentration was likewise chosen to approxi- 
mate the winter surface phospate of sea water of the latitude of Cape 
Cod (0.0003 mM) (1, 2, 8). The series was 0.00003, 0.0001, 0.0003, 
0.001, and 0.003 mM. The cultures were placed in diffuse light. To 
obviate possible effects of differences in illumination each experiment 
was repeated, using a different arrangement of dishes with respect to 
windows at each repetition. The variations in illumination appeared, 
however, to have no significant effect. 


RESULTS 


The results of a typical experiment, run from August 13 to August 
20, 1946, will be presented. For the sake of brevity the results will 
be described in detail for only a few solutions. 

1. Control, filtered sea water. ‘Very little marginal breakdown, 
circles with uniform margins, pale, no sporulation. Chromatophores 
all retracted to one side of the cell as by plasmolysis. Condition 
definitely poor.” (Fig. 1,a). 

2. Proline, 0.005 mM (= one tenth of Walp’s optimum. Among 
proline solutions this gave the best result in our experiments). ‘No 
marginal breakdown, circles with uniform margins, blue green, no 
sporulation. Chromatophores generally well expanded though occa- 
sionally plasmolyzed. Condition poor.” (Fig. 1,b). 

3. Nitrate, 0.03 mM (This gave the best qualitative result of any 
nitrate concentration tested. It has six times the nitrogen content of 














FIGURE 1 
PHOTOGRAPHS OF COMPARABLE AREAS OF Disks OF Ulva lactuca GRowNn FoR 7 Days IN 
DIFFERENT SOLUTIONS 
(a-e were originally cut from a single frond and were grown simultaneously; f was 
from a later experiment. All photographs x 300.) 

a. control. Sea water, filtered but otherwise unmodified. The chromatophores are 
retracted against one side of each cell, leaving a clear space. The two (or three) round 
pyrenoids are somewhat obscured by the shrunken chloroplasts and by the close packed 
but irregular and eroded starch grains. The cells appear larger than those in b -e, but 
this is an optical illusion due to the chloroplast retraction taking place in such a 
manner as to leave the open spaces of three or four adjacent cells together, giving 
the impression of a single large vacuole. 

b. 1-proline, 0.005 mM. Chromatophores mostly expanded, in some cases retracted. 
Pyrenoids evident, starch grains numerous, regular, not eroded. 

c. nitrate, 0.03 mM. Chromatophores expanded. Pyrenoids evident, starch grains 
numerous, regular, not eroded. 

d. phosphate, 0.001 mM. Chromatophores expanded. Pyrenoids evident, starch 
grains numerous, regular, not eroded. Compare b, c, and d, which are indistinguishable 
so far as those characteristics depicted in these photographs are concerned. 

e. nitrate, 10 mM. Chromatophores expanded. Pyrenoids evident, starch grains en- 
tirely wanting, replaced by a finely granular structure. 

f. nitrate, 10 mM; phosphate, 0.001 mM. This is to be compared with d and e. 
The chromatophores are expanded. The pyrenoids are larger than when either nitrate 
or phosphate was supplied alone. As in e there is.no evident starch but the general 
chromatophore background is much more coarsely granular than in e. 
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the best proline solution). “Some marginal breakdown, dark green, 
considerable areas of sporulation. Chromatophores mostly well ex- 
panded. Condition excellent.” (Fig. 1,d). 

4. Nitrate, 1.0 mM. “Margins badly eroded. Some sporulation. 
Chromatophores fully expanded. Condition fine.” (Fig. 1,e.). 

5. Phosphate, 0.0001 mM (This gave the best results of any phos- 
phate concentration tested). “No marginal breakdown, no sporula- 
tion. Uniformly dark yellow green. Chromatophores fully expanded. 
Condition fine.” (Fig. 1,c). 

The results, as recorded in the photographs and in the subjective 
descriptions of microscopic findings were, it is believed, significant 
and important. In the control solution, sea water, the chromatophores 
(7, 9) were regularly retracted against one side of the cell and the 
granules contained therein (starch) were irregular in outline (Fig. 
1,a). Because of the high amount of light transmitted the disks ap- 
peared pale in color as compared with the experimental sets. The 
general impressions both upon gross and microscopic examination 
was poor. Nitrate, phosphate, and proline, all three, produced marked 
improvement. The microscopic picture (Fig. 1, b, c, d) at optimum 
concentration was indistinguishable among these three—the chromato- 
phores were expanded to cover the entire bottom (surface away from 
the light source) and sides of the cells and were filled with large, regu- 
lar granules (starch). Only the gross picture showed pronounced 
differences. All three sets of disks in the experimental solutions ap- 
peared darker, richer green than the control. 

Numerical results on final diameter of disks, color intensity per 
disk, and average area of cells are given in table 1. In only a single 
case—0.3 mM NO.—did the average disk diameter exceed that in 
the control by as much as 10%. This by itself would be of doubtful 
significance, but since all cultures in nitrate solutions showed some 
increase in diameter as compared with the control (table 1) this can 
be taken to suggest a growth stimulating effect. Moreover there was 
also a slight increase in average cell area (113%) in the high con- 
centration of nitrate (1.0 mM; fig. 1,e; table 1), evidence tending 
to the same conclusion. The colorimeter readings for nitrate (table 1) 
showed a somewhat deeper color than the control. This, however, 
gives a somewhat inadequate picture. With increased nitrate concen- 
tration there was an increasingly marked marginal erosion. This 
was due to destruction of marginal cells by bacteria and’ protozoa 
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which grew profusely in nitrate cultures. Apparently sea water, being 
deficient in nitrate, does not support growth of these epiphytes. Where 
bacterial erosion occurs, the surviving areas are always dark green 
with well expanded chromatophores and obviously in good condition. 
But this bacterial erosion results in a reduction of green area. Since 
the unit of comparison in colorimetric measurements is the original 
disk, these eroded disks would naturally give lower readings than 
would uneroded disks of equal color intensity. When, therefore, disks 
grown in nitrate (eroded) give readings equal to or only slightly - 
darker than the controls (uneroded) we must weight this result by 
an “erosion factor’, and say that disks grown in a nitrate-enriched 
solution contained much more chlorophyll than either the controls 
or disks grown in a phosphate-enriched solution. When, on the other 
hand, disks grown in I-proline (uneroded) showed a greater colori- 
metric reading than most of the others (table 1) we may say that 
this indicates a greater chlorophyll content than the controls or phos- 
phate disks but it must be discounted (by this same erosion factor ) 
when comparing them with those grown in nitrate. Cultures grown 
in l-proline lacked the yellow tone of the nitrate and phosphate cul- 
tures, being bluish green.” Those grown in phosphate had an espe- 
cially brilliant yellow-green color. Nitrate at optimal concentration 
produced somewhat more sporulation than did phosphate, I-proline or 
control. 

In high (toxic) concentrations of |-proline and phosphate the 
chromatophores tended to retract as in the control, leaving vacuolar 
spaces. Nitrate, on the other hand, produced no clearly toxic re- 
sponse at any concentration tested. At 1.0 mM nitrate (a level at 
which bacterial and protozoan erosion was too great to permit long 
survival) the chromatophores were as fully expanded as at the opti- 
mum concentration (0.03 mM). At this level, however, the larger 
granules were almost completely lacking so that the two or sometimes 
three pyrenoids stood out sharply against a finely granular back- 
ground (fig. 1,e). Whether this indicates a shift from storage of 
starch to that of sugar was not determined microchemically. At this 
level the cells are somewhat larger (table 1) than in any other solu- 
tion (113%). 

Figure 1,f is included as suggestive of certain other possibilities. 
“The necessity of comparing yellow greens and blue greens in the colorimeter of course 
renders doubtful the significance of these quantitative figures. 
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In this culture a concentration of 1.0 mM nitrate and 0.001 mM 
phosphate were applied simultaneously. The general picture is some- 
what similar to that at 1.0 mM nitrate alone, but the pyrenoids were 
somewhat larger and the background somewhat more coarsely granu- 
lar. The cell areas were definitely smaller (17%). This may be 
merely the result of origin from a different frond, for this example 
was taken from an experiment carried out two weeks later than those 
in figures 1, a-e. There is, however, another possibility. Examination 
of the picture shows a very large percentage of cell pairs (11 pairs 
among 87 cells), indicating that cell division was either presently 
active or recently so. Small size is of course commonly a concomitant 
of rapid division. In fig. 1,b there are only two evident pairs, in 1,c 
none, and in l,e possibly two. This may indicate, therefore, that 
when both phosphate and nitrate are present the tissue becomes ac- 
tively meristematic, as it cannot do in the absence of either ion. A 
culture period of more than seven days might have resulted in sig- 
nificant growth under these conditions. 


DISCUSSION 


From the results presented above, certain facts emerge clearly. 
Sea water, as collected on Cape Cod in July and August, does not 
provide optimal conditions for growth of Ulva lactuca. It can be 
improved by the addition of either nitrate or phosphate. The amount 
of phosphate required to bring about marked improvement is ex- 
tremely low (10-7 M) so that it is clear that sea water is deficient 
in this ion almost to the vanishing point. While addition of 1-proline 
to sea water will likewise bring about an improvement in metabolism 
of Ulva, this improvement is not so great as when nitrate is added. 
It is clear that nutritional studies can be interpreted with assurance 
only if a sea water adequately fortified with these two ions is used 
as a base. Sea water is not a satisfactory control when studies are 
to be made on the nutritional effects of substances containing either 
nitrogen (as does I-proline) or phcsphorous. Walp’s conclusion, that 
l-proline specifically promotes differentiation in Ulva, and Hammett 
and Walp’s conclusion that l-proline promotes differentiation in Fucus 
appear, therefore, to be without sufficient foundation. Unless such 
a specific promoting effect can be demonstrated when l-proline is 
superimposed on an optimal nitrate level it cannot be considered to 
have been unequivocally established. 
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That both nitrate and phosphate should promote development when 
supplied separately appears somewhat surprising, for if low phosphate 
level is limiting no amount of nitrate alone should correct the de- 
ficiency and vice versa. This result appears explicable only if the 
addition of each serves to free and make available bound residues of 
the other. These, however, are questions which must be answered 
by future work. 

Moreover, it is clear, from the bacterial erosion which occurs when 
adequate nitrate supplies are present, and the derangement which this 
erosion introduces into quantitative measurements such as diameter 
of disks, colorimetry, etc. that really satisfactory, clearly interpretable 
results can only be obtained under aseptic conditions. This imposes 
a very important burden on the experimenter. Surface sterilization 
of experimental material is not likely to succeed without introducing 
unknown physiological variables. It is probable that spores can be 
sterilized and aseptic sporelings raised and this will probably have 
to be done. This raises an entirely new set of problems which will 
have to be solved before this type of investigation can be carried 
much further. 

It is perhaps significant to note that Ulva lactuca grows profusely 
in the pools adjacent to the Provincetown breakwater, occurs spar- 
ingly on the bay shore, and is completely wanting along the open 
ocean shore. Proximity to Provincetown probably results in a local 
elevation of both nitrate and phosphate content of the water, from 
decomposing offal of various sorts which are lacking in the open ocean. 
This may very possibly be a significant factor in the ecology of Ulva. 
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These experiments form the basis of a new explanation for some 
heretofore unexplained phenomena concerning the process of fertili- 
zation of eggs. What factors does the sperm add to the egg that 
starts development? Why does the egg develop under certain con- 
ditions without sperm? These questions have been the source of 
many experiments. The hypothesis of the writer (Brooks, 1943) that 
fertilization depends upon the establishment of an appropriate redox 
potential of the oxidative enzymes of the egg is extended in this paper. 

The problem of development of the marine eggs used in these 
experiments, consist of two steps: formation of the fertilization mem- 
brane, and cleavage. The many experiments of Loeb, 1913, Lillie, 
1911, Heilbrunn, 1915, Hollingsworth, 1941, Chase, 1935, Moser, 
1940 and others demonstrate that these two steps are not necessarily 
related, and coincidental. They can be produced separately by arti- 
ficial means, and cleavage can occur without membrane formation. 
According to Lillie, 1911, oxygen is not always necessary for mem- 
brane formation but it is for cleavage. In some cases dilute concen- 
trations of KCN can be used to produce membranes, as in Asterias, 
but KCN must be removed before cleavage is begun. 

In a preliminary paper (Brooks, 1943), the writer has demon- 
strated certain important relations between O. consumption and the 
aerobic oxidation-reduction potential of three different species of eggs, 
and has suggested that the redox potential is the important factor in 
determining the various reactions of different eggs to substances caus- 
ing activation. It has been shown by Genevois, 1928, Barron, 1930 
and Baumberger, 1939, that as the redox potential of cells becomes 
more positive within certain limits, the rate of O, consumption is 


*Preliminary Report, Federation Proceedings, March 11, 1946. The expenses of this 
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increased and vice versa. The term, redox potential, as applied in this 
paper, refers to the electron pressure measured in millivots, on a 
gold-plated platinum electrode immersed in a thick suspension of 
living cells. A Coleman electrometer was used. In addition, the H 
ion concentration of this suspension was determined by a glass elec- 
trode. These two sets of readings, E, and pu respectively, are com- 
bined in the term, ru, or redox potential, which is a function of these 


E 
two factors as follows: tu=2 Pu + —- This term is taken from 


Clark, 1928, and assumes that the slope of the E,-Pn curve is .06 
within the range of pu used here. 

The redox potential represents a function of the ratio of the sum of 
the reductants to the sum of the oxidants of the electromotively active 
and reversible systems of the oxidative enzymes and other reactants. 
These enzymes govern respiration, and most of the energy of the cell is 
derived by their reactions. When the ratio deviates from unity, other 
factors being equal, the rate of O, consumption declines. This appears 
to be the case in unfertilized Arbacia eggs where the rate of O. con- 
sumption is low. We can interpret this as an example of the large pre- 
ponderance of reductants over oxidants. On the other hand, in unfer- 
tilized Asterias eggs and in Chaetopterus, the rate is high. This means 
that here the rate of oxidants to reductants is more nearly equal. There 
is a correlation between the redox potential and the O., consumption, 
and this theory is herewith tested, by taking measurements of three 
different species of both unfertilized and fertilized eggs, sperm and 
larvae, and of different artificial solutions causing fertilization. The 
question then is, what is the redox potential of sperm and of arti- 
ficial solutions causing artificial parthenogenesis, as compared with 
that of the egg? 

This theory was examined in three different cases: where there 
is a rise in the rate of O., consumption on fertilization, as in Arbacia 
punctulata; where there is only a slight rise, as in Asterias forbesii; 
and where there is a decrease, as in Chaetopterus pergamentacea. 


METHODS 


The eggs of the three marine species were strained through a fine 
mesh cloth into filtered sea water. At the time of taking the read- 
ings, they were centrifuged at 2000 RPM at a radius of 13 cm. for 
YY minute, using 15 cc. centrifuge tubes or pointed 50 cc. tubes. 
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From these packed eggs, one cc. was placed in a small Pyrex glass 
vessel where readings were made immediately for E, and pu. Sperm 
was measured “dry”, directly as it was taken from the animal with- 
out being centrifuged, care being taken not to contaminate it with 
echinochrome or sea water. Sperm was not placed in sea water as in 
the case of the eggs, because it is not possible to centrifuge it from 
the sea water except at a very high rate of speed, so that equal treat- 
ment of sperm and egg could not be accomplished. In any event, 
the small residual concentration of sea water remaining around the _ 
eggs after centrifugation and decantation, would tend to raise the 
redox potential of the eggs to a higher level than that which would 
be obtained in the complete absence of sea water. In other words, 
any error in the measurement of the eggs would tend to increase the 
potential rather than to lower it. 

In taking the readings, about one minute was necessary for estab- 
lishing equilibrium between the electrode and the cells. This time, in 
which two to three successive readings were the same, was used as the 
equilibrium. After this a drift in potential occurred. All readings were 
taken with freshly cleaned electrodes. Four such electrodes were in 
use and served as a check against each other. For further information 
on handling the electrodes, see Clark, 1928, page 328. All measure- 
ments were made under similar conditions of time and manipulation, 
so that errors in the method would be constant. The temperature 
varied during the season at Woods Hole from 20° C. at the beginning 
to 25° C. during the summer months. The temperature remained suffi- 
ciently constant during any one day to avoid errors in this regard. 

The stages of eggs measured were unfertilized, fertilized, 2- to 
4-cell, 8-, 16-, 32-cells, morula, non-swimming and swimming blastula, 
gastrula, pluteus at different stages or bipinnaria in Asterias, the same 
stages in Chaetopterus, and sperm of each. Since the eggs did not al- 
ways develop at the same rate, it was not possible to measure only one 
stage, but in each case, the measurements were taken when the major- 
ity were in the stage indicated. Fertilized eggs were rinsed several 
times with sea water to clear them of sperm after the membranes had 
been formed. Larvae were spread out in a thin layer in large crys- 
tallizing dishes for development, and the water changed daily. They 
were prepared for experimentation as needed. The time required 
for the development of the different stages varied somewhat as the 
season progressed. The summary is indicated in the tables. 
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COMMENTS ON RELATIONS BETWEEN Tu OF INTERIOR AND 
EXTERIOR OF THE CELL 


In these experiments, measurements were made of the packed cells. 
Between the cells a small amount of sea water remains after centri- 
fuging. Measurements are therefore of the milieu, and the redox po- 
tentials obtained are the resultants of the factors produced by the 
organisms, such as CO. production, acid production, and other prod- 
ucts of metabolism. It might be objected that the internal ru value 
is not the same as the external. The only experiments in this connec- 
tion are those of Chambers, Pollack and Cohen, 1929, who micro- 
injected redox dyes into eggs of Asterias forbesii, and found the ru 
to be around 12. When the same species of eggs was immersed in 
solutions of redox dyes, a similar ru value was obtained for the 
external milieu (Chambers, Beck and Green, 1933). These experi- 
ments show that there is a direct relation between the redox potential 
of the outside of the egg and the inside. Rapkine and Wurmser, 1926, 
microinjected the European species of sea urchin and starfish eggs 
and found an ru of 19 to 20. These values are higher than those 
obtained by the writer, and differences are probably due to experi- 
mental methods. The fact that reagents can produce artificial par- 
thenogenesis in the egg, is evidence that there is a direct relation 
between the redox potential of the inside and that of the outside of 
the egg. Further proof of the relation between exterior and interior 
of the egg is shown by the experiments with KCN. This reagent 
lowers the redox potential, depending upon its concentration, accord- 
ing to Barnard, 1933. If the redox potential of the organism being 
tested is already negative, KCN should have little effect, depending 
again upon the concentration. On the other hand, if the potential is 
high, it should be affected by KCN. These two conditions are illus- 
trated by unfertilized Arbacia eggs which have a low redox potential 
and are not affected by KCN, and by fertilized Arbacia eggs which 
are affected by KCN. In the latter case, all evidence points to the 
conclusion that fertilization has raised the potential of the egg, but 
only temporarily. And finally, that there is a definite relation be- 
tween the reducing intensity of cell suspensions and of physiological 
systems in general and their physiological condition is found in the 
later work as stated by Bull, 1943. 

The redox potentials of certain hypertonic solutions without eggs 
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in some cases and with eggs in other cases, as used by Loeb, 1913, 
and others for producing artificial parthenogenesis in certain marine 
eggs was also measured as shown in Tables 4 and 5. These were 
hypertonic solutions of NaCl, CaCl. and MgCl. in sea water, butyric 
acid solutions in sea water and KCN in hypertonic sea water; in 
addition, the effect of eggs in producing changes in the redox poten- 
tial of some of these solutions including hypotonic sea water and 
artificial sea water was measured as seen in Table 5. 

When eggs such as Arbacia which have a low redox potential, are 
placed in a solution with sperm which has a high potential, it is 
assumed that there is an interchange of electrons according to the 
laws of oxidation-reduction and those of reaction kinetics. This 
electron shift results in a change in the ratio of oxidants to reductants 
of the enzyme systems in egg and sperm, resulting in the so-called 
“activation” of the egg. The redox potential of the egg is adjusted 
by the inter-exchanging electrons from these systems of enzymes. 
It is known that about 70% of the energy of the cell is produced by 
these oxidative enzymes. Through the release of this energy, the 
processes of development are set in motion, and the unfertilized egg 
is “activated”. 

Reference to Table 5 shows that eggs give off substances that 
lower the potential. This is seen in experiments in which large num- 
bers of eggs are placed in a small volume of sea water. It is particu- 
larly demonstrated in the case of centrifuged masses of eggs in a 
minimum volume of sea water. On the other hand, if one egg were 
suspended in a large volume of sea water, the effect of the substances 
given off on the redox potential of the milieu would be practically 
nullified. It is undoubtedly for this reason that developing eggs must 
be placed in a sufficient volume of sea water to promote their 
development. 


O., TENSION: ELECTRODES IN THE PRESENCE OF OXYGEN 


These experiments were performed aerobically because it was 
thought that anaerobic conditions would not give the true picture of 
organisms which live in air. Since uniform suspensions of organisms 
were used and uniform times for taking the measurements, it is 
assumed that any errors resulting from methods would be constant. 
The small volumes of eggs or sperm used afforded access to adequate 
diffusion of air so that a partial anaerobic state could be ruled out. 
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Commenting on these aspects of experimentation in connection with 
electrode measurements of cell suspensions under aerobic conditions, 
Clark, 1928, states, ‘electrodes in the presence of atmospheric oxy- 
gen are able to induce definite potentials. Indeed there is no need to 
exclude air in crude measurements of some reversible systems—a fact 
which indicates the comparatively inert nature of molecular O.,.” 
Furthermore, in the same connection, a “suspension of washed cells 
under anaerobic conditions is unable to reduce methylene blue but 
does reduce the indophenol dyes in the presence of a vigorous stream 
of air passed through the suspension”, is proof that what is being 
measured is the actual oxidation-reduction intensity of the enzymes 
rather than changes in the oxygen tension of the solution. Clifton 
et al. (1934), Rapkine (1930) and others have shown that anaerobic 
organisms can grow in the presence of air provided that dyes of a low 
redox potential are added to poise the solution. 

Amberson, 1928, found that O, consumption is independent of the 
O, tension over a wide range for many organisms. In the case of 
Arbacia eggs he found that the O., consumption continues at a normal 
rate when the pressure of O, varies from 228 mm. Hg to 20 mm. Hg, 
thus corroborating the earlier experiments of Warburg, 1908, who 
made similar observations on the European sea urchin egg. 

This apparent lack of effect of O, tension can be explained by 
Clark, 1935. He states that the full release of the inherent ability 
of oxygen to become activated through enzymes does not occur, for 
then there would be no withstanding the destructive action of the 
oxygen. However, if oxygen can enter into the reaction only as it 
converts the catalyst systems to the oxidized components, it is 
restrained. 

Since the rate of oxygen consumption is a direct function of the 
electrode potential according to Genevois, 1928 and Barron, 1930, 
one can infer that there would be no change in the electrode poten- 
tial within the range of possibly reduced oxygen pressure such as 
the case cited above. The present set of experiments would also not 
be affected by any possible slight change in O, tension due to crowd- 
ing under the conditions used there. 

We can therefore conclude that what is being measured is not a 
change in the O, tension of the solution or the milieu, but the state 
of the electromotive activity of the oxidation-reduction enzymes. 
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RESULTS 


It has been previously shown by the writer (Brooks, 1943) that 
a change in the redox potential of Arbacia eggs occurs as they develop. 
In these experiments, details of the experiments on Arbacia eggs are 
given along with those on Asterias and Chaeptopterus. 

The three types of eggs gave the following results: 

1. In Arbacia, as shown in Table 1, the unfertilized egg has a low 


TABLE 1 


SUMMARY OF RESULTS WITH Arbacia 
EXPERIMENTS WITH Arbacia 


Column 1, the number of experiments at each stage (Column 2); Column 3, the Ej, 
or electrode potential in millivolts; Column 4, p,;;; Column 5, the time after fertilization ; 
Column 6, ry or redox potential. 











1 2 3 4 5 6 
No. of ae 
experi- Stage of E;, in Time after Ey, 
ments development millivolts Pi fertilization 2 Pu v “03. 

30 Unfertilized eggs —.269 6.58 4.20 

30 Sperm —.188 7.41 8.62 

32 Fertilized eggs —.280 6.70 20 minutes 4.10 

23 2-cell division —.278 6.43 _ * 3.70 

15 4-cell division —.283 6.45 123 ss 3.80 

12 8-cell division —.288 6.59 62 * 2.58 

15 16-cell division —..283 6.45 23C—i«‘ ®* 3.50 

14 32-cell division —.277 6.74 266 “ 4.28 

10 Blastula, non-swimming —.268 6.55 464 “ 4.20 

16 Blastula, swimming —.265 6.66 687 “ 4.52 

19 Gastrula —.267 6.94 1214 “ 4.98 

40 Pluteus, early —.289 7.15 2 days 5.70 

25 Pluteus, later —.287 7.02 3 days 5.84 

18 Pluteus, later —.280 7.22 4 days 5.10 

5 Pluteus, later —.279 7.20 _ 5.10 

6 Pluteus, later —.277 7.10 6 “ 5.0 

3 7.10 


Pluteus, later —.281 


= * 4.9 


redox potential while the sperm has a much more positive one. This 
corresponds with the results on the rate of O, consumption which is 
low in the former case and high after fertilization as shown by War- 
burg, 1910, and many others after that time. During division, the 
redox potential at first drops but gradually rises again until the 
pluteus stage is reached. When plutei are kept without being fed, 
they gradually become smaller and the redox potential drops. 

2. In Asterias, as demonstrated in Table 2, the unfertilized egg 
has a high redox potential. Sperm is only slightly higher than that 
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TABLE 2 
SUMMARY OF RESULTS wITH Asterias forbesii 
EXPERIMENTS WITH AsSterias Forbesii 


Column 1, the number of experiments at each stage of development (Column 2) ; 


Column 3, the E,, or electrode potential in millivolts; Column 4, p,;;; Column 5, time 
after fertilization; Column 6, r,; or redox potential. 


vi 
o | 








1 2 3 a 
No. of ‘a A 
experi- Stage of E;, in Time after Eh 
ments development millivolts Pry fertilization 2 Pu a “03. 
12 Unfertilized eggs —.180 6.99 7.99 
5 Sperm —.197 7.30 8.00 
12 Fertilized eggs —.205 7.15 29 minutes 7.50 
8 2-4-8 cells —.152 7.56 29 =C®* 8.92 
12 8-16-32 cells —.179 7.53 6 hours 9.26 
3 Blastula, non-swimming —.164 6.95 yy * 8.50 
8 Blastula, swimming —.190 7.18 22% “ 8.06 
3 Gastrula, early —.164 7.07 aC 8.74 
5 Gastrula. later —.191 7.06 — © 7.72 
5 Bipinnaria —.191 7.24 4 to 5 days 8.08 
2 Bipinnaria —.164 7.68 13 to 14 days 9.96 


of the egg. This corresponds with the high rate of O, consumption 
in the unfertilized egg and the slight change in the rate upon fertili- 
zation (Warburg, 1910 and Loeb, 1913). 

3. In Chaetopterus, as shown in Table 3, the unfertilized egg has 
a high redox potential, while that of the sperm is lower. After’ fer- 
tilization, the potential decreases through the trochophore stage which 
was the last stage measured. This decrease again corresponds with 





TABLE 3 
SuMMARY OF RESULTS WITH Chaetopterus 
EXPERIMENTS WITH Chaetopterus pergamentaceus 
Column 1, the number of experiments at each stage of development (Column 2) ; 
Column 3, the E, or electrode potential in millivolts; Column 4, p;;; Column 5, time 
after fertilization; Column 6, ry, or redox potential. 








1 2 3 4 5 6 
No. of i : 
experi- Stage of Fi in T'me alter 4 En 
ments _—_ development millivolts Py, fertilization ? Pu T > 
2 Unfertilized eggs —.161 7.74 10.18 
3 Sperm —.142 7.21 9.72 
2 Fertilized eggs —.177 247 15 minutes 9.64 
3 4-cells —.203 7.82 2 hours 8.94 
2 Many cells —.215 7.18 3% 7.36 
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the decrease in rate of O. consumption after fertilization as found 
by Whitaker, 1933. 

In short, the evidence points to the conclusion that, if the potential 
is too low for development, the sperm raises it. If it is too high, the 
sperm lowers it. There seems to be a critical level necessary for 
development. Whether this critical level occurs within a definite range 
of potential for all species alike, cannot be stated from the experi- 
ments of only three species of animals. Figure 1 shows the possi- 
bility however, that conformity to this potential for the ability to 
become fertilized, may be the case. 

Since the rate of O., consumption in marine eggs fertilized by sperm 
is essentially the same as that when eggs are fertilized artificially, 
according to the experiments of Warburg, 1910 and Brachet, 1938, 
the redox potential of certain solutions producing artificial partheno- 
genesis was measured. In Table 4 measurements were made of these 


TABLE 4 
RepDox POTENTIAL OF SOME SOLUTIONS PRODUCING ARTIFICIAL PARTHENOGENESIS* 
List of solutions producing artificial parthenogenesis (Column 1); Column 2, Ej, or 
electrode potential in millivolts; Column 3, p,,;; Column 4, r,,; or redox pctential. 


1 2 3 4 
Solution E,, Py ryt 
50 cc. sea water 
10 cc. 24% M NaCl +.018 8.0 16.6 
50 cc. sea water 
7 cc. 24% M CaCl +.074 6.2 14.7 
5C cc. sea water 
7 cc. 24 M MgCl. +.081 6.2 15.1 
50 cc. sea water 
3 cc. .1 M butyric acid + .182 3.55 13.1 
50 cc. sea water 
8 cc. 24% M NaCl 
5 cc. 1% KCN —.196 9.7 12.9 
Sea water alone 
(Carmel Bay, Calif.) + .033 8.1 17.1 


*Combinations of solutions taken from J. Loeb’s “Artificial Parthenogenesis and 
Fertilization”. 
Try, symbol according to W. M. Clark’s “Studies on Oxidation-Reduction”. 


E, 
tq = 2 Py + “ 
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solutions without eggs. These show a lower ru value than that of sea 
water. In Table 5 eggs were placed in such parthenogenetic solutions 


TABLE 5 
SHOWING THE EFFECTS OF CHANGES IN REDOX PoTENTIAL OF SOLUTIONS CONTAINING 











No. Solution E, Py TH Time 

(1) Sea water alone +.014 7.95 16.3 

(2) Sea water + eggs —.006 Br 15.2 After 1% hours 
(3) Art. s.w. + eggs —.036 6.7 12.2 a 

(4) Hypertonic s.w. + eggs —.056 Bh 13.5 ' 

(5) Hypotonic s.w. + eggs —.056 7.8 13.7 “ 

(1) No appreciable change After 2 hours 
(2) —.046 7.8 14.1 «“ 

(3) —.066 6.7 11.2 

(4) —.126 7.6 11.0 

(5) —.130 7.6 10.9 

(6) Fertilizin —.076 > Be 11.9 





Composition of solutions: 
(1) Fresh filtered sea water (Woods Hole) without eggs. 
(2) Sea water, 5 cc. plus 1 cc. of eggs. 
(3) Artificial sea water consisting of 100 cc. NaCl, 2 cc. KCl, 2 ce. CaCl, 7.8 cc. 
MgClh, 3.8 cc. MgSO; (.5 M). 
(4) Hypertonic sea water consisting of 50 cc. s.w. + 8 cc. NaCl (2% M). 
(5) Hypotonic sea water consisting of 50 cc. s.w. + 50 cc. distilled water. 
(6) Fertilizin from Arbacia eggs through the kindness of Dr. Tyler. 
In each case, 5 cc. of sea water and 1 cc. of eggs were used. Probable error +4%; 
average of 10 experiments each. 
with the result that the redox potential was lowered still more. It 
appears, therefore, that the balance between the pu and E, in these 
solutions is important in mobilizing the electron shift of the enzyme 
systems responsible for fertilization to induce the energy release for 


this reaction. 


Discussion 


These experiments interpret the process of fertilization of the egg 
as due to differences in redox potentials between egg and sperm, and 
a change in potential induced by the sperm. The fact that eggs can 
develop without sperm shows that a change in the physical state of 
the egg is essential. The experiments on artificial parthenogenesis are 
too well known for further comment, as is also that of Lillie, 1912, 
who showed that any piece of the spermatozoon can induce fertiliza- 
tion, rather than a specialized region. 

Referring to Fig. 1, a high redox potential is essential for fertiliza- 
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Showing the different stages of development of Arbacia, Asterias, and Chaetopterus 
as abscissae, and the r,, or redox potential as ordinates. 






STAGE OF DEVELOPMENT 


FIGURE 1 
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tion, within a certain range. If it is too high, as in Chaetopterus, it 
must be lowered; if too low, it must be raised, as in Arbacia. In 
Asterias, the unfertilized egg is already at a high ru level and requires 
only a slight change to start development. There is not much differ- 
ence between the ru of the unfertilized egg and that of the sperm. 
This fact fits in with the experiments of others, (Loeb, 1913) showing 
that these eggs can be very readily fertilized by artificial means. 
Only a slight impetus is required, such as slightly alkalinized sea 
water which would reduce the rn of sea water. Fertilization in this 
case, also produces very little change in the rate of O., consumption, 
agreeing with the hypothesis that there is only a slight change in the 
redox potential between the two stages of development. One could 
infer that the unfertilized Asterias egg is in more or less activated 
state already, requiring only a slight change in ru to start developing. 

As the egg develops, changes in potential again appear. At the first 
cleavage, the potential is lower. In this stage it is less sensitive to 
such reagents as cyanide according to Lyon, 1902. Cyanide lowers 
the potential and one would expect such decrease in sensitivity under 
these conditions. 

No readings could be made immediately after fertilization due to 
the time required to prepare the materials. So that the first reading 
is taken at about 20 minutes after fertilization. However the fact 
that there is such an instantaneous change in the rate of O.. consamp- 
tion at fertilization, is indirect evidence that a rise in potential must 
take place in such eggs as Arbacia and subsequent changes in the 
case of the other species used. It would be of interest if methods 
could be devised to measure the potential at the moment of fertiliza- 
tion. The decrease in potential after fertilization of the egg can be 
explained by changes in the metabolism producing such increases in 
groups representing lowered redox potential. Rapkine, 1930, for 
example, showed that the —SH group is decreased in concentration 
after fertilization, but increases again at the first cleavage. These 
observations, together with that of Lyon, mentioned above, all point 
to changes in redox potential of the egg as it develops. 


COMMENTS ON THE FERTILIZATION MEMBRANE 


It has been shown by different workers that a different set of factors 
can be used to produce membranes as distinguished from cleavage. 
Membranes can be produced in the absence of O, or in the presence 
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of KCN as shown by Lillie, 1911, in certain cases. However, for 
cleavage O, must be present and cyanide eliminated. Membrane 
formation can also be produced by butyric acid or KCN solutions 
but these reagents cannot be used to produce cleavage. How can we 
explain these results? 

Reference to Table 4 shows that the rn of sea water is relatively 
high, but that of butyric acid and of KCN is low. Therefore the 
lower potentials appear to be effective in membrane formation. Using 
NaOH in place of KCN would not give the same rn value as that 
given by KCN. 

When dilute cyanide solutions are used after butyric acid treat- 
ment of eggs, as shown by Loeb, 1913, to hasten development, the 
effect must be one of neutralizing the acid. Table 4 shows that these 
two solutions have almost identical rn values, but that butyric acid 
has a positive E, value and a low pu, while cyanide has a negative 
E,, and a high pu. The time limit during which the egg must remain 
in the KCN solution after butyric acid treatment, should give us 
some facts as to the rate of penetration of the cyanide and the extent 
of the neutralization. 

The effect of cyanide is generally considered as stopping oxidations 
in cells. It has been shown by the writer, Brooks, 1941, that cyanide 
lowers the redox potential. If, however, the potential of the cell is 
already low, there will be no effect by cyanide, depending of course 
on the concentration used. Such seems to be the case in the unfer- 
tilized Arbacia egg. 

Since oxygen is not essential for membrane formation, and since 
certain concentrations of KCN will he!p in its formation, in certain 
cases, it can be concluded that membrane formation is not associated 
with oxidations, but incidental to this step in the process of 
fertilization. 

Membrane formation can be considered as a change in the physical 
state of the proteins. As the potential is changed by fertilization, 
an alteration in the surface layer of the egg occurs, whether by co- 
agulation or by denaturation or by a change in the state of aggrega- 
tion of the protein colloids in solution in the egg. A change in the 
redox potential could account for the formation of such a membrane 
by creating or destroying valencies. Rapkine, 1930, postulated that 
cellular division is preceded by a denaturation of the proteins of the 
sea urchin egg, Paracentrotus lividus, and that this denaturation is 
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accompanied by a splitting of the lipoproteins. The fact that the 
whole egg undergoes a decrease in viscosity on fertilization, either 
by sperm or artificially, according to Heilbrunn, 1915, shows that 
such a theory is consistent with the facts. 

When sperm changes the redox potential of the unfertilized egg, 
according to the writer’s hypothesis, the final value results in cleavage. 
During the process, however, other potentials which are necessarily 
transitory, as the potential passes through these stages, must be re- 
sponsible for producing the membrane when a certain level is reached. 
This can be the explanation for the necessity of using two artificial 
solutions in certain cases: one for membrane formation and one for 
cleavage. The fact that the membrane is always formed first, seems 
therefore to show that it is correlated with cleavage rather than di- 
rectly related to the process. 

Whether the membrane is formed by a change in the pre-existing 
granules, or by the change in the physical state of the proteins in 
solution, is not the province of this paper. For such references, see 
Motomura, 1941, Hollingsworth, 1941, and Harvey and Anderson, 
1943. Other changes, such as those of permeability, occur in con- 
nection with the fundamental changes in redox potential, but these 
will not be discussed here. 


THE OxXIDATION-REDUCTION POTENTIAL OF SEA WATER 


Sea water is not a solution of pure salts of Na, K, Mg and Ca 
chlorides and sulphates, but consists also of many inorganic and 
organic compounds, mostly in dilute concentrations. Among these 
may be mentioned copper, manganese, arsenic, bromide, iodide and 
many others. In addition to the metal compounds it contains by- 
products of the metabolism of many different kinds of plants, bacteria 
and animals, including the ammonium cycle, the sulphate-sulphide 
cycle, the nitrate-nitrite cycle and various enzyme systems (Harvey, 
1945; Kreps, 1934; Keys, Christensen and Krogh, 1935; Cooper, 
1937; Zobell, 1936 and Wachsman and Hotchkiss, 1937). Because 
these elements are not found in the ocean in like concentrations in 
different parts of the world, the redox potential will vary within cer- 
tain limits in different localities. This has been shown in the two 
localities represented in this paper in Tables 4 and 5. 

When the sea water is made hypertonic as shown in Tables 4 and 5 
by adding a more concentrated solution of one of the salts of sea 
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water, the ru is lowered. When distilled water is added to sea water, 
the rn is lowered. It is interesting that these two types of solutions 
should have ru values so nearly alike. What the reaction is on the 
sea water and its constituents is not known, but the facts alone are 
presented here. It is merely pointed out here that all the solutions 
in Tables 4 and 5 which have been used to produce artificial fertiliza- 
tion, have a lower redox potential than that of sea water. 

Table 5 shows the effects on the rn value when eggs are added to 
the solutions. The eggs produce a lowering of the ru value and this - 
solution is known as “egg water” according to Lillie, 1912, or fer- 
tilizin. The rn of purified fertilizin is also lower than that of sea 
water, and in the same category as that of the solutions producing 
artificial parthenogenesis. Kuhn and Wallenfells, 1940, state that 
fertilizin is made up of echinochrome (a naphthaquinone) which is an 
oxidation-reduction compound of a low ru value. 

Eggs in sea water or modified sea water lower the pu value. The 
common denominator responsible for these changes is still open to 
hypothesis. For example, shaking or pricking eggs will cause them 
to develop in some cases (Loeb and Bancroft, 1913). Injury causes 
an increase in CO. production, as is generally known. Loeb has shown 
that CO, will produce artificial parthenogenesis. CO., changes the pu 
and in this way affects the ru. Riinnstrom, 1933, has shown that acid 
formation takes place at fertilization to 20 minutes after, both as a 
result of fertilization by sperm and by hypertonic or hypotonic solu- 
tions. According to Table 5 of the present writing, eggs in partheno- 
genetic solutions produce a greater change in pu than in sea water 
alone, which is best illustrated at the second hour readings. The E,, 
is also considerably lower in the former case. How would acid forma- 
tion affect fertilization? 

If we take Arbacia as an example, acid production by the egg would 
raise the ru value of the bathing solution of the egg. The rn value of 
the Arbacia egg is too low under normal conditions to start develop- 
ment. If the proper ru value is attained, however, it can begin develop- 
ment. This may be the relation between acid formation and the 
oxidation-reduction shifts of the enzymes. The exact value appears to 
be necessary to begin development, and different species have different 
values. 

These experiments answer the question as to why both hypertonic 
and hypotonic solutions produce parthenogenesis. Eggs placed in such 
solutions produce a marked lowering of the ru value of the solution. 
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RELATIVE SIZE OF EGG AND SPERM OF Arbacia WITH REFERENCE 
TO THE EFFECT ON REDOX POTENTIAL 


It has been objected that the small size of the sperm with reference 
to the size of the egg (1/50,000 of the volume of the egg) would 
argue against its ability to change the redox potential of the egg. 
However, comparisons should be made between the concentrations of 
active principle in egg and sperm, which is reponsible for producing 
changes, rather than between the whole volume of these cells. At the 
present writing these values are not known except in one case men- 
tioned below. However, the concentration of “inert matter” in the 
egg, not influenced by nor influencing directly the redox potential is 
considerable, if the concentration of cytochrome oxidase in the egg 
is of the order of 3.5x 10° M as found by Hutchens, Kopac and 
Krahl (1942). Moreover, Clowes and Krahl (1939) were unable to 
demonstrate absorption bands of the cytochromes in egg, but found 
pronounced bands in sperm corresponding to cytochrome a. These 
few data would indicate that the concentration of the redox enzymes 
in sperm was at least as large if not greater than that in the egg, and 
that the relative concentrations of these enzymes is the important 
factor rather than the over-all size of the egg. Adding to this the fact 
that sperm has a high rate of O., consumption, the evidence points to 
the conclusion that the enzymes of sperm are sufficiently “activated”, 
i.e., have a high redox potential and are of sufficient concentration to 
change the ratio of oxidants to reductants in the egg to a higher level. 

It is interesting to note here that Hutchens, Kopac and Krahl 
(1942) found that the location of their ‘cytochrome oxidase”’ in 
Arbacia eggs is mainly in the cytoplasmic matrix. This would be of 
help in a quick reaction of the enzymes of the sperm with the egg. 
The above workers also found that the concentration of this enzyme 
was found to be the same in both fertilized and unfertilized eggs. 
It would therefore appear that the principle effect of adding the sperm 
was to change the ratio of oxidants to reductants in this state. This 
difference is seen in the effects of KCN on the two types of eggs as 
stated earlier in this paper. These facts together with the rise in O., 
consumption on fertilization of Arbacia eggs are proof of the change 
in redox potential at fertilization. 
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COMMENTS ON CLEAVAGE 


From Table 4 it can be seen that the redox potential of the hyper- 
tonic solutions used to produce cleavage is more positive than that 
of the solutions producing the fertilization membrane. This agrees 
with the experiments of others that oxygen must be present and KCN 
eliminated for cleavage to begin. Sea water alone appears to be too 
positive in most cases. 

When eggs are fertilized by the sperm of other species, such as 
sea urchins by Asterias or Chaetopterus, is it probably due to the 
redox potential of the sperm. Reference to Table 4 shows that the 
redox potential of Arbacia sperm is close to that of Asterias. 

It seems therefore that it is necessary that the oxidation enzyme 
systems be raised to a definite potential for cleavage. Since the 
method used in these experiments did not show this rise in potential 
at the moment of fertilization, as previously explained, nevertheless, 
the results show that some such change must occur; the definite link 
between O., consumption and redox potential and the difference in 
potential between sperm and egg. 

At the beginning of the first cleavage or just before this time, the 
redox potential again becomes low. This fact no doubt, accounts for 
the observation of Lyon, 1902, that the egg at this stage is helped 
by certain solutions of KCN or the removal of O,. This also agrees 
with the experiments of Rapkine, 1930, who showed that the concen- 
tration of the —SH radical changes during development. It is well 
known that the —SH group is associated with such a system as the 
cystine-cysteine which is found in most living cells and that the redox 
potential of this system at pu 7.0 is very negative. 

Changes occur in the potential on further development of the egg. 
It would be interesting to correlate these changes with other factors, 
such as the development of enzyme systems. 


CONCLUSIONS AND SUMMARY 


The hypothesis upon which these experiments are built is, that 
fertilization depends upon the attainment of the correct redox poten- 
tial of the egg. There is a difference in potential between egg and 
sperm. The degree of this difference varies with the species. In some 
cases it is considerable as in Arbacia, in other cases very slight as in 
Asterias. 
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The electromotively active enzyme systems must be “activated” to 
produce the beginning of development. This means that the concen- 
trations of oxidants and reductants must be more nearly equalized 
so that the electron shift can take place at an optimum rate, thereby 
releasing the necessary energy. In some cases as in Asterias, only 
a slight shift in potential is required. In others as in Arbacia, there 
is a considerable change. This explains why Arbacia eggs have a large 
rise in O., consumption on fertilization and Asterias does not. 

The fact that eggs and sperm contain different proportions of these 
oxidants and reductants causes them to react. 

The formation of acid upon the fertilization of some eggs, whether 
by sperm or artificially, is an important factor and fits the above 
theory in that a change in pu of the egg produces a change in the 
redox potential. 

The increased production of CO. or other acids in the egg, caused 
by such various methods of fertilization as sperm, hypertonic and 
hypotonic solutions, pricking, shaking or ultra violet light, is assumed 
by the writer to be the cause of initiating development owing to the 
changes in redox potential so produced. 

When eggs are placed in sea water or modified sea water, they lower 
the E, and the pu. This lowering is more pronounced in modified sea 
water than in pure sea water. 

The redox potential of different species of eggs is different, and 
changes with stages of development. 

There is a definite correlation between the rate of O., consumption 
of unfertilized and fertilized eggs and the redox potential of these 
eggs. Three categories are discussed: when the redox potential of 
the unfertilized egg is considerably lower than that of sperm, as in 
Arbacia; when it is only slightly lower than that of sperm as in 
Asterias; when it is higher than that of sperm, as in Chaetopterus. 
In the first case, the O, consumption rises on fertilization; in the 
second there is only a slight rise; in the third case, there is a decrease. 
These three cases illustrate the hypothesis that fertilization of the 
egg depends upon the correct ratio of oxidants to reductants of the 
enzyme systems. 
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